To understand regulation of the tracheo-bronchial mucin (TBM) gene expression we developed cDNA probes encoding TBM. We also raised antisera against mucin protein (deglycosylated and glycosylated), and developed immortalized tracheal epithelial cells which express mucin (at the RNA and protein level). TBM cDNA probes can detect TBM mRNA in situ in samples from dog and human primary tracheal epithelial cells and cell lines derived from them. For clinical application, conditions were optimized for detection of the TBM mRNA in human turbinal and nasal polyps and trachea of cystic fibrosis (CF) and non-CF subjects. Fixing and hybridization conditions were found to be critical for the optimum hybridization signal. Riboprobes proved to be better than cDNA or oligonucleotide probes. The application of these newly developed molecular tools in the genetic therapy of CF is discussed herein.
Introduction
Mucins are a class of glycoproteins synthesized and secreted by epithelial goblet and mucous gland cells of the respiratory and gastrointestinal tracts. Abnormalities in mucin production contribute to morbidity and mortality in diseases of both organ systems. Efforts to understand the pathophysiology of these diseases have led to the development of animal models and the analysis of such models has suggested that the mucin gene is up-regulated in disease processes such as CF and asthma (Collins, 1992; Chambers and Harris, 1993; Robinson et al, 1993) . Our laboratory has focused considerable attention upon mucin of the airways (Feldoff et al, 1979; Ringler et al, 1987 Ringler et al, , 1988 . Previously, we cloned and sequenced the cDNA of the canine TBM gene (Verma and Davidson, 1993; Verma and Davidson, 1994a; Verma etal, 1994a,b) and characterized its gene product (Ringler et al, 1987 (Ringler et al, , 1988 . Here we describe the optimum conditions for in situ hybridization to study transcriptional regulation of the TBM gene in animal and human systems.
Results and Discussion
Primary cells and immortalized cells were used for in situ hybridization. In Figures 1 and 2 , results of in situ hybridization of immortalized tracheal epithelial cells with TBM antisense probe (1, 3, and 4 of Figure 1 ) and sense probe (2 of Figure 2 ) are shown. When CT1 cells (immortalized canine tracheal epithelial cells) were hybridized with the TBM antisense probe (1325/1121, numbered according to Verma and Davidson, 1993 ) a positive signal was detected. The sense probe in the same region did not exhibit any hybridization signal (2 of Figure 1 ). This indicated that the probe used was very specific. When HBE1 (immortalized tracheal epithelial cells from non-CF human, shown in 3 of Figure 1 ) or CFT1 (immortalized tracheal epithelial cells from CF patient, shown in 4 of Figure 1 ) cells were hybridized with the same antisense probe, hybridization was detected. The probe was uniformly distributed in the cytoplasm which indicated the proper penetration and uniform distribution of the probe in the fixed cells. The range of staining intensities reflects the mRNA copy number per cell; the darkest cells have highest copy number, while dim cells have lower copy number. It is also clear from this experiment that the canine TBM probe can detect the corresponding message in CF-and non-CF human samples, a result which can be exploited for clinical studies.
To test whether similar results are observed with primary cells (of dog and human), primary cells were isolated, fixed on slides and hybridized with the probes described in Figure 1 . Results in Figure 2 (1-6) indicated the following. The hybridization signal was very strong in immortalized cells (which grow as monolayers on flat surface (flask or slide) compared to the primary cells (see the difference in the intensity of signal, 1 vs 2, Figure 2) . It is quite possible that cells other than epithelial cells are also present in the primary cell samples. As expected, the sense probe did not give any hybridization signal (3 and 4, Figure 2 ). Human tracheal epithelial cells (5 of Figure 2 ) and human nasal epithelial cells (6 of Figure 2 ) also showed a strong hybridization signal. Furthermore, 3T3 and COS-7 cells did not hybridize with any of the riboprobes (results not presented). This also indicated that the hybridization was specific.
There are several steps which improve the hybridization signal and reduce background. Proteinase K treatment of the cells changed their morphology but resulted in a marked increase in signal intensity. For routine studies, the best signal was obtained by the following proteinase K treatment: 10 ^tg/rnl in 50 mM Tris-HCl, pH 7.5, for 1-5 min; cell morphology was observed in proteinase Kfree samples. The appearance of granules on the cell surface indicated an optimal proteinase K treatment (see Figure 3). Proteinase K treatment was stopped with a 30 s rinse in PBS containing 0.3% (w/v) glycine. Treatment with chloroform reduced background but not the signal, so some of the samples were treated with chloroform for 1-4 min ( Figure 4 ) and then air-dried. Ammonium acetate treatment (3 M for 5 min) resulted in reduction of the signals ( Figure 5 ) whereas inclusion of 60% formamide and 50% dextran sulfate improved the signal ( Figure 6 ).
The linearized cDNA molecule used to generate riboprobe was tested by agarose gel electrophoresis. There was no circular form of the plasmid in our preparations. Riboprobes were purified by phenol extraction as the proteins present along with the salt present in the buffer interfere with the hybridization process. For SP6 RN A polymerase reaction, 40°C instead of 37°C, was selected as it resulted in more efficient labeling of the cRNA probe. Precipitation of cRNA probes at -20°C overnight instead of -70°C for 15-30 min gave better results. For this purpose, prehybridization was started on day 1; labeled probe was prepared and left in ethanol at -20°C overnight. On day 2, hybridization was started and continued until day 3; washing was done on day 3. After the hybridization step, slides were washed with RNase solution, so that the free RNA was washed out. For all the experiments the concentration of the cRNA (sense and antisense) was determined and equal concentrations of sense and antisense probes were used. Compared to large (> 0.5 kb) cDNA probes, riboprobes of 250 bases or smaller size gave a very strong hybridization signal; oligonucleotide probes were also as good as the riboprobes. It is possible that small probes penetrate easily and distribute more uniformly. In all experiments, antisense probes did not bind to cells after RNase treatment and the sense probe did not produce a positive signal.
The major advantages of this in situ hybridization technique are the speed of detection, the ease of use in the absence of radioactivity, and the suitability of the system for diagnostic purposes, since results can be obtained within 3 d of biopsy sampling. Since immunohistochemistry is the basis of the detection system, an accurate intracellular localization of the probe is obtained. We have extended these studies to understand mucin gene regulation at the translation level. The probes can be stored for a long period of time and provide effective penetration, especially important for formaldehyde fixed samples.
Immunohistochemistry analysis, using antibodies against canine TBM, indicated that mucin was synthesized in immortalized and primary cells and regulated by reagents such as cAMP and its analogs. Since the mucin gene is over-expressed in lung diseases such as cystic fibrosis, attempts are being made to suppress mucin expression using antisense oligonucleotides and ribozymes; in such experiments we can follow mucin expression by in situ hybridization.
Materials and methods

Materials
The HPV18 vector (CCB/18) containing the E6 and E7 genes was provided by Dr. Richard Schlegel (Georgetown University, Washington, DC). Oligonucleotides were purchased from Oligos etc. (Cleveland, OH) and Midland, Inc. (Midland, TX). RT-PCR assay system and other PCRrelated reagents were from Perkin Elmer Cetus, Inc. (Branchburg, NJ). Culture media, Rad-Prime labeling kit, mRNA isolation kit, molecular size markers (1 kb ladder, 123 bp ladder, RNA ladder, and lambda DNA digested with Hindlll), and restriction enzymes obtained from Life Technologies, Inc. (Gaithersburg, MD).
•y-Methylacryloxyprophylthrimethoxy-silane, retinoic acid (RA), hydrocortisone (HC), transferrin (TF), insulin (bovine) (INS), cholera toxin (CT), epidermal growth factor (EGF), trypsin-EDTA-saline, penicillin, streptomycin, and neomycin, and protease type XVI were purchased from Sigma Chemical Co. (St. Louis, MO). Cellagen discs and Gene Screen nylon membrane were from ICN Biochemicals (Cleveland, OH). Radioisotopes were from Amersham and Dupont NEN (Boston, MA). All other reagents were molecular biology grade and obtained from Sigma, Gibco. or Fisher. Centricon 30 tubes were from Amicon (Beverly, MA). Texas red conjugated, antimouse IgG (H + L) was obtained from Vector Laboratories (Burlingame, CA). CF (CFT1, CFT1 -4, homozygous for phenylalanine deletion at 508) and non-CF (HBE1, clone 9) cell lines were generated with HPV 18 E6 and E7 genes as described (Yankaskas et al., 1985 (Yankaskas et al., , 1993 . CT1 and CT3 cells were isolated in our laboratory (Verma et al., 1994b) . Siliconized slides and Teflon-coated slides were purchased from Cell Line Associates, New Field, NJ. Maxiscript kits (Ambion, Austin, TX) were used to generate riboprobes.
Preparation of slides and attachment of tissue and cells
All the solutions (including 70% ethanol) were made in diethylpyrocarbonate (DEPC) treated water and all the plasticware/glassware used was washed with the DEPC-treated water. Superfrost slides were found best for a good signal. For fixation cells were grown on multichambers slides (Verma et al., 1994b) . Before hybridization, preparations were fixed in 4% paraformaldehyde/0.04 N NaOH in 2 x PBS for 20 min at 4°C, washed in 2 x PBS for 15 min, treated with ethanol/glacial acetic acid (97:3) for 5 min at -20°C, washed for 2 min in 100% ethanol, and washed with xylene to remove residual lipids and to open cell membranes. After rehydration in 100%, 90%, 80%, 70%, 50%, and 30% ethanol/2 x PBS, and then 2 x PBS, the slides were used for hybridization. For tissues, the Fig. 3 . Proteinase K treatment. CT1 cells were fixed as described in the text. Proteinase K treatment was done for a various time intervals at 10 mg/ml concentration. Five minutes of treatment gave the optimum results. Cells were checked for the appearance of granules after every minute. The treatment was stopped as soon as granules are visible. Fig. 4 . Effect of chloroform treatment on hybridization signal. Cells were treated with chloroform as follows. After fixation in ethanol at -70°C for 24 h. incubation was done in ethanol for 10 min (twice), in ethanol/chloroform (5:1) for 10 min. in ethanol/chloroform (2.1.5) for 10 min, in chloroform for 10 min. in chloroform/paraffin (1:1) for 10 min, in paraffin for 40 min, and again in paraffin for 20 min. All the incubations were done at room temperature with gentle shaking. Finally each slide was transferred in melted paraffin/12% wax, cooled in water at room temperature for overnight. CT1 cells are shown in the figure. Fig. 5 . Effect of ammonium acetate treatment on hybridization signal. Cells were treated with ammonium acetate as described in the text. Primary canine tracheal epithelial cells are shown in the figure  Fig. 6 . Formamide and dextran sulfate improve hybridization signal. Cells (pnmary tracheal epithelial) were fixed and hybridized with the TBM antisense probe in the presence of 60% formamide and 50% dextran sulfate. specimens were immediately cut into small tissue blocks and fixed either in freshly prepared 4% (v/v) paraformaldehyde in PBS. or in neutral buffcred-formalin (2-5 h at 4°C) (Murray. 1993 , Verma el al. 1995 The specimens were then embedded in paraffin and stored (-20°C). Tissue sections (3-5 mm) were cut on the day of the experiment. For paraffin fixed sections, after paraffin removal (5 min sequential washings in each of xylene. xylene-ethanol [50.50] and ethanol) and drying. 0.5/il of silane solution was added to each section Sections were re-hydrated in 90%. 80%. 70%. 60%. 50%. and 30% ethanol/PBS and then PBS alone (2 mm each at room temperature) and slides were used for hybridization. After fixation in ethanol at -70°C for 24 h, incubation was done in ethanol for 10 mm (twice), in ethanol/chloroform (5:1) for 10 min. in ethanol/ chloroform (2:1.5) for 10 min, in chloroform for 10 min. in chloroform/ paraffin (1:1) for 10 mm. in paraffin for 40 min and again in paraffin for 20 min. All the incubations were done at room temperature with gentle shaking. Finally, each slide was transferred in melted paraffin/12% wax and cooled overnight in water at room temperature. For some experiments, epithelial cells were removed from trachea by protease treatment as described previously (Verma el al., 1994b) . The hybridization signal in the isolated cells was much stronger than the intact tissue due to heterogeneous cell population.
For in situ hybridization, to preserve cell structure and contents, very long incubation and washing times were performed. -y-Methylacryloxypropyltrimethoxy-silane provided very strong adhesion without damage to the morphology or structure of the cells. This method is rapid and about 95% of the material remains attached after in sun hybridization in 50% (w/v) formamide for 2-48 h, followed by removal of non-specific probe binding by washing. The attachment is thermostable and chemically inert, which also permits the method to be used for in situ PCR (polymerase chain reaction) amplification studies. Briefly, clean slides were covered with 100 /il of silane solution (5 jil of silane and 3 /tl of acetic acid in 1.2 ml of ethanol). After 15-20 s, slides were polished with a cotton swab and stored at room temperature For the attachment of paraffinembedded sections, silane-treated slides were first covered with polylysine. Cells were grown on these slides.
Hybridization
Prehybridization was for 1-4 h at 42°C in a solution containing 50% formamide. 5 X Denhardt's solution, 5 x SSC (Sambrook el aL. 1989; Verma and Kurl, 1993) , 50 mM sodium phosphate, pH 7.0. 250 /ig/ml sonicated salmon sperm DNA, 250 /ig/ml yeast tRNA, 2 /ig/ml poly (A). 2 /xg/ml poly (C). and 0.1% SDS Probes were biotin labeled according to the suppliers' protocol (Life Technologies. Inc.. Gaithersburg, MD).
Samples were hybridized in 50 yul of the same buffer without tRNA at 42°C for 18 h. The hybridization solution was applied to the samples as a drop and covered with a baked coverslip which was sealed with rubber cement to avoid evaporation. Incubation was done in a humidity chamber as described (Ausubel et ai. 1987) . After hybridization, slides were washed twice for 15 min in 2 x SSC at room temperature, once for 30 min in 40% formamide/2 x SSC at 37°C. twice for 10 min in 2 x SSC/ 0.1% SDS at room temperature, and once for 10 min in 0.1 x SSC/0.1% SDS at room temperature. Finally the slides were washed for 10 min at room temperature in 0.05 M Tris-HCl. pH 7.5 containing 0.075% (w/ v) BSA. The blocking agent was Denhardt's solution containing ficol], polyvinyl pyrrolidone. and bovine serum albumin (fraction V) (Sambrook et ai. 1989) . Salmon sperm was added as a carrier molecule for the cRNA probe to improve hybridization. The Ca ++ -chelating agent EDTA (0.2 M) was added to minimize the destabilizing effects of Ca + *on the hybridization of the cRNA molecule to its target. Dextran sulfate (25%, w/v) was added to improve the contact between the cRNA molecule and the target RNA molecules. The concentration of probe was 50-150 ng/ml during the hybridization reaction. Formamide (35%, w/v) was also present in the washing buffer. The detection of the hybridization signal was according to supplier's protocols. Control slides were incubated with 50 mg/ml RNase A for 2 h at 37°C.
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